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Abstract
During the development of smart grid at distribution level, the realization of
real-time nodal pricing is one of the key challenges. The research work in this paper
implements and studies the methodology of locational marginal pricing at power
distribution level. The nodal pricing mechanism is implemented utilizing both Di-
rect Current Optimal Power Flow and Alternate Current Optimal Power Flow. The
University of Denver campus power grid is used to develope the simulation test bed
of the distribution level power system.
In order to realize our approach, the first step is to extract the network topology
from the DU campus grid utility map. The network topology is used to represent the
power buses and connections. The extracted network topology is used to develop
a Matlab Simulink based simulation test bed for study and implement the nodal
pricing mechanism.
The selected nodal pricing mechanism utilizes optimal power flow to calculate
the corresponding distributional nodal prices. The two different DLMP approaches
have the same objective function, and different constraints are added in the formula-
tion of the two models, according to the different characteristics of AC transmission
system and DC transmission system. Both of the two models utilize the major prin-
ciples of Locational Marginal Pricing to calculate the nodal pricing, which means
ii
the DLMP take considerations on marginal energy cost, marginal congestion cost
and marginal loss cost.
The detailed descriptions of the approaches and evaluation results are docu-
mented in this thesis. The experimental results using DU campus power grid verify
the feasibility and effectiveness of the selected approaches for the DLMP mechanism.
iii
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1.1 Motivation and background
The traditional electric power grid is one of the last major infrastructures to be
automated. It is a fully interconnected system with centralized energy and power
generation sources in which energy and power flows unidirectionally from the utili-
ties. Electric power is generated and transmitted through power transmission and
distribution system to the individual residential and commercial consumers. How-
ever, the recent development in distributed renewable energy sources and the de-
mand for more efficient and intelligent use of energy are major factors forcing the
distribution power systems towards the Smart Grid, which promises to bring intel-
ligence to the overall system by means of the two-way digital communication and
plug-and-play capabilities. Technically, the Smart Grid improves the existing system
by accommodating bi-directional flow of both electrical power and real-time com-
munication between consumers and utility operators. Changes to the generation,
transmission and delivery infrastructure are supervised, controlled and coordinated
by grid operators. However, at the leaves of the distribution tree, in the residential
1
and commercial premises, the system will be more open, and changes will be driven
by market forces and consumer preferences.
In the traditional electricity retail market, prices are based on general delivery
costs that is fixed for months or years. In the real time pricing (RTP) mecha-
nism, prices are changing over short time intervals, and utility companies provide
costumers price references one day or less in advance to reflect real time marginal
supply costs. In recent years, economists have recognized that through changing
the wholesale prices, price incentives that would help to reduce customers’ usage of
electricity will lead to two major benefits: 1) depressing price unpredictability, and
2) allaying the capability of utility company to run market power. These are the
two reasons that the power systems performance can be improved.
In the past few years, energy efficiency and electricity consumption reduction
has been a timely and important topic. With the advent of modern communication
and computation technology it is possible to maximize social surplus through RTP.
Policy makers who are responsible for electric utility delivery arrangements have
also noticed that RTP is a critical mechanism to build efficient power systems and
regulate the utility loads through controlling the peak demands. There are many
other mechanisms that can motivate price-sensitive demand and control peak de-
mands. However, compared with RTP, those mechanisms are not the most agile
ones. Therefore policy makers have given priority to RTP to upgrade the perfor-
mance of wholesale and retail electricity markets. The time-varying electricity price
can force customers to adjust their energy usage schedule towards a more efficient
and economic one. The University of Denvers Facilities Department has expressed
the desire to reduce the billed demand for some of the largest buildings on campus.
In order to accomplish this goal, it becomes necessary to implement demand side
management (DSM) procedures by acquiring better measurement and implementing
control measures to manage electrical loads.
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The electricity industry needs to reduce peak demands in order to maintain
the stable operation of power systems while reducing consumer costs. One of the
most economically efficient ways to reduce peak demands is to adapt electricity us-
age responding to real-time prices because it is currently almost entirely inelastic.
In order to make electricity usage responsive to prices, customers need to have a
significant incentive to be responsive. However, at the power distribution system
level, the real-time pricing mechanism and technology barely exits.
The Electrical and Computer Engineering Department at DU has taken an in-
terest in aiding DU’s campus facilities in reducing billed demand. The Smart Grid
at the university has developed a novel approach to modelling building energy us-
age. In order to explore the feasibility of real-time price at the distribution level, a
price mechanism is designed in this thesis that can reflect energy consumption and
delivery cost at the power distribution level. Apparently, traditional pricing mech-
anisms are not suitable for this purpose. Nodal Pricing is a method of determining
prices in which market clearing prices are calculated for a number of locations on
the transmission grid. With the advent of modern smart meters and the two-way
digital communication, it is possible to calculate price for every single building or
customer. Based on the aforementioned University of Denver (DU) campus facilities,
DU infrastructures are used in this thesis for the calculation of nodal pricing, and
the Locational Marginal Pricing (LMP) is adopted and modified to a Distribution
Locational Marginal Pricing mechanism.
1.2 Contributions
This thesis represents two kinds of distribution locational marginal pricing ap-
proaches for University of Denver, and the corresponding DU campus power system
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is used for demonstrating and evaluating the selected approaches. Contributions
of this thesis are listed below:
1. Based on the real DU campus power system, we introduce the network topol-
ogy to simplify the campus power system. And we build the matlab test
bed based on the aforementioned test feeder case for further data test and
simulation.
2. The locational marginal pricing is originally for price calculation in large scale
transmission level systems. The LMP approach is modified and adapted into
the distribution level, and the resulting impact, coupled with distribution gen-
erations on DU campus power system is investigated
3. Both alternating current DLMP (AC D-LMP) and direct current DLMP (DC
D-LMP) are implemented on the DU campus power grid and the results are
compared. Further evaluation for different power grid configurations are also
conducted to generate the optimal distribution generation allocation.
4. Using the DU campus distribution power system test bench, the major factors
that influence the AC D-LMP are discussed and their influence on loads and
demands in the power grid are analyzed.
1.3 Thesis outline
Chapter 2 reviews related works about the LMP, real-time pricing and the cur-
rent implementation of LMP in distribution power systems. Chapter 3 narrates the
implementation of DU distribution power system test bed. Chapter 4 describes how
the DLMP methodologies are formulated, and how the DLMP is calculated in both
ACOPF and DCPOF models. Chapter 5 concludes the work presented in the thesis,




Spot pricing of electricity is a popular price determination mechanism in the
U.S. electric energy industry [23, 22]. Currently, energy efficiency and the emerging
of new power loads such as electric vehicles (EV) and charging electrical storage
systems (ESS), which may dramatically change the current household power demand
patterns, have further increased the needs for developing new methods for demand
side management (DSM). There are various DSM techniques, for example, voluntary
load management programs [7, 8, 9] and direct load control [20]. Since the 1980’s,
DSM has been used as a load shifting tool [11, 18, 21] and real time pricing (RTP)
is considered as one of the most popular methods that can motivate customers to
manage their energy consumption wisely and more efficiently. Generally speaking,
flating pricing (FP), peak load pricing (PLP), and adaptive pricing (AP) are the
most prevalent methods of pricing, which have been evaluated vastly [16, 24, 6].
Flat pricing is the method that utility companies offer a fixed price for all time,
whereas peak load pricing is provided to set different prices to relieve demands
during peak time periods. In adaptive pricing, the exact price value for each period
is calculated in real time and announced only at the beginning of each period. Due
to the limitation of those methods, [16] proposed a method in which random events
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and the reaction of users with respect to the previous prices will influence the price
in the upcoming operation periods.
Locational marginal pricing (LMP) is used for transmission operation level as
it can characterize benefits to power system operators and markets. The LMP is
the cost to deliver a unit of energy to a certain point on the transmission system.
LMP consists of three major components: cost of energy, cost of losses, and cost of
congestion. It is noted that LMP can accommodate other factors and constraints
in power systems, and has already been adapted to incorporate factors, such as
pollution, harmonic injection, greenhouse gas and renewable energy, into considera-
tion [1, 2]. Although LMP is popular in transmission system, it is not implemented
widely in power distribution systems. In the distribution level, the aforementioned
RTP mechanisms, such as FP and AP, have no correlation with LMP. Only in some
rare cases, the LMP is implemented to price energy as a RTP method for large
customers such as industrial and commercial facilities. With the development of
microgrid technology, the distribution system will evolve to have the characteristics
of high penetration of renewable energy (RE), price responsive loads (PRL), ESS and
distributed generators (DG). In the future, the distribution system will also have cer-
tain transmission characteristics such as high or medium voltage transmission lines.
The technological changes in power distribution will lead to the establishment of
micro power distribution level markets, which will in turn motivate a larger number
of providers with strong incentives to eliminate undesirable voltage-current phase
shifts that dramatically reduce distribution line losses. The distribution line losses
account for more than 5 percent of total electricity production [4]. The distribution
locational marginal price (DLMP) [14] will be the implementation and extension of
the LMP in distribution level. The DLMP is modified from LMP to estimate the
real-time cost of delivering power to every node in the distribution system and to
provide compensation for the renewable energy generation.
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Due to the characteristics of LMP, the DLMP based RTP is able to help the
electricity market evolve into a more efficient one with less volatility, and the en-
hanced market efficiency will lead to social welfare for both energy providers and
consumers. Smart grid and DLMP will realize DSM and improve elasticity on the
demand side, to offer the customer with lower energy cost and to provide the mar-
ket with increased social welfare [3, 22]. Although RTP and DLMP can achieve
the same incentives, DLMP has its own advantage through allowing the utility to
charge the true cost of electric service to the individual customer rather than mass
cross-subsidization [14]. One of the major components of DLMP is the cost of con-
gestion, which contributes a large portion of system operational cost. Congestion
cost is one of the key constraints in DLMP. Optimal power flow (OPF) based meth-
ods, price area congestion control methods and transaction-based methods [5] are
three techniques to solve congestion management problems. Based on centralized
optimization, the OPF-based congestion management method is the most accurate
and effective approach. The price-based congestion management uses OPF as the
corner stone of this method to generate dispatch according to congestion prices.
Alternate current optimal power flow (ACOPF) and direct current optimal power
flow (DCOPF) are two major approaches to compute LMPs. The advantage of
ACOPF model is that it can provide accurate results in losses and reactive power
calculation, however, it is with high computational complexity. The DCOPF is
widely used and is considered to be sufficient for LMP calculation due to its com-
putational efficiency and approximation accuracy [15]. The DCOPF can also be
easily adopted at the distribution level, and help the calculation of the optimal
prices. Another important problem is how to calculate the prices according to
the time-varying power demands. The derivatives of Lagrangian can reflect the
demand changes. In [25], three approaches are presented to cope with the La-
grangian changes in OPF problem, i.e., Trust-Region based Augmented Lagrangian
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Method (TRALM), Step-Controlled Primal-Dual Interior Point Method (SCIPM),
and Constrained Cost Variables (CCV) Formulation. The three approaches are the
candidates in the OPF based approach for dealing with time-varying power demand.
Above are the key techniques for DLMP. In summary, FP, PLP, AP and DLMP
are the mechanisms that can be applied to power distribution system. As aforemen-
tioned, DLMP is adopted in this thesis for generating real-time prices for each node
in power grids. On the other hand, the future mircogrid will emerge with trans-
mission characteristics that in turn implies the utilization of DLMP. Although OPF
is not the only technical path to realize DLMP, it is deemed as the most effective
way. The research work in the thesis aims to contribute in the construction of the
retail market by solving a system cost objective function in DCOPF formulation,
with nodal real and reactive power balancing, bus voltages, and branch flows as
constraints [17]. Some inequality constraints will also be considered in the DLMP
formulation as security assurance.
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Chapter 3
Development of DU campus
grid simulation test bed
In this chapter, the development of the simulation test bed is introduced, which
is based on the real-world DU campus power grid system. The DU campus grid’s
network topology is extracted based on the DU power system in feasible utility
facilities map. Based on the extracted power system, it is feasible for us to analyse
the power system and conduct the study of DLMP.
3.1 Extraction of network topology based on DU cam-
pus utility map
Fig. 3.1 demonstrates the DU campus grid system’s utility map. As shown in
the map, there are 57 buildings on campus with other kinds of information that
is not related to the campus power system. The DU electric utilities are located
disorderly in the map, and the connections between those utilities need to be figured
out manually. The grid network topology is extracted [12] so that the study on
DU campus grid becomes feasible. In this thesis, the network physical topology is
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extracted based on the locations of the buildings and transmission lines’ connections.
During the process of topology extraction, it is ensured that all the line connections
and building layouts indicated in Fig. 3.1 are taken into consideration. In order to
simulate various power load profiles and performance evaluations, the DU campus
grid is adopted into two types of network topology, the basic network topology and
the advanced network topology, respectively.
3.1.1 Basic network topology for DU campus power grid
Fig. 3.2 shows the basic network topology of the DU campus grid. In this net-
work, the nodes stand for campus buildings and the lines represent the transmission
lines between campus buildings in Fig. 3.1. As shown in Fig. 3.2, there are three
power delivery transmission lines connected with a regional substation, which is the
University of Denver Substation. Those three distribution transmission lines deliver
power for the DU campus. There are switches and loops between these three lines
and campus buildings. However, for the basic operational evaluation of DU campus
grid, these features are not used in the basic network topology, i.e, it is assumed
that the switches are open and no loop exists in the system.
3.1.2 Advanced network topology for DU campus power grid
As mentioned in the previous section, the basic network topology is used for
basic operational evaluation. However, it is not fit for optimal power flow study.
For DLMP study and simulations purposes, based on the basic network topology,
the advanced DU power system topology is generated using the switches existing in
the system. In the advanced topology, the switches are assumed to be closed in the
numerical simulation, resulting in that certain extra connections between different
buildings are added into the topology, which enables us to conduct study on optimal
power flow and DLMP.
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Figure 3.2: The basic network topology of DU campus grid.
As shown in Fig. 3.3, all the buses in the system are numbered, and are cat-
egorized into two types. The buses with their numbers in blue are classified into
the connection buses, which means they are the buses that deliver power from the
substation and they are not the campus buildings. The buses with their numbers
in black are classified into load buses that means they are the campus buildings
that consume energy. Compared with the basic network topology, in the advanced
network topology, there are inner connections between buildings that are connected
by additional switches and transmission lines. As a result, for the buildings in the
advanced network topology, they may have multiple options for extracting power.
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Figure 3.3: The advanced network topology of DU campus grid.
into a single connected power grid. This difference bring the feasibility of studying
and simulating OPF and DLMP based on the DU campus grid system.
The extracted network topologies are then used for designing and implementing
the Matlab Simulink based DU campus grid simulator.
3.2 DU campus grid simulation test bed
The peak power load of the DU campus gird operations is 11MW and usually
the total power loads varies from 2MW to 11MW . A simulation test bed based on
the DU power system topology is designed and implemented to simulate the DU
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Figure 3.4: Simulink test bed
campus grid system operations. The simulation test bed is implemented in the
Matlab Simulink environment.
Fig. 3.4 demonstrates the simulation test bed in the Matlab environment. As
shown in Fig. 3.4, there are also three blocks in the simulation test bed corresponding
to the DU campus grid network topology. These three blocks are marked using blue,
red and green, corresponding to the three major transmission lines that deliver power
from the DU substation in Fig. 3.1. The inside topologies of the three blocks are
implemented according to Fig. 3.2 and Fig. 3.3.
Fig. 3.5 demonstrates the results of the simulation of the normal operation of
DU campus grid. In this simulation, the loads are chosen from the real-world power
electricity profiles. The total load is 7.8MW , the simulation time is 10s, and the
voltage magnitude is 440KV . Fig. 3.5 shows the operation condition of Building
31. Fig. 3.5 (a) is the voltage magnitude in pu. The voltage magnitude maintains
1 throughout the simulation time, which means the voltage magnitude is stable
during the simulation. Fig. 3.5 (b) and (c) show the simulation results of real power
and reactive power, respectively. Fig. 3.5 (d) and (e) indicate the magnitude of
14
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Figure 3.5: Simulation test result
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positive sequence voltage. The positive sequence voltage can help to analyse the
voltage stability and current stability of the whole system. If the positive sequence
voltage is stable, the overall power system can be proved to be stable as well. In this
simulation case, the positive sequence voltage of building 31 is shown to be stable.
Therefore, it is confirmed that the whole system in the simulation is stable.
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Chapter 4
The locational marginal pricing
at the power distribution level
In 2010, DU facilities spent $3.7M on campus electricity measured from 78
building meters and 7 buildings have additional demand rate kW ratchet charges.
Later in 2011, DU facilities planed to deploy additional methods beyond existing
efforts to further lower peak demand, including distributed generation, demand re-
sponse, proactive heating and cooling, managed load shedding and lighting controls.
Driven by the economic goals and regulated by federal laws, DU campus is trying
to reduce peak loads, decrease utility scale in order to control bill demands and cut
down CO2 emission. By far, there are 79 meters on campus and some of the build-
ings are installed with smart meters that can collect many kinds of electricity data,
such as the amount of loads, voltage and ampere. DU also plans to improve the
distributed device intelligence, integrate renewable energy and strengthen campus
grid security test. For distribution locational marginal pricing, DU has already been
equipped with smart meters and on-line monitor devices that can help to achieve
those aforementioned goals. This chapter will present the DLMP approach based
on DCOPF and ACOPF models.
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The DLMPs calculation is developed in Matlab environment based on optimal
power flow solver from MATPOWER 5.1 simulation package [10]
4.1 Distribution locational marginal pricing
This thesis introduces an advanced approach of nodal pricing, which is an ex-
tension of LMP from transmission systems to distribution systems. The resulting
DLPM is used as a notification for demand response. Inspired by LMP, DLMP
is the development and extension of LMP at distribution level. Different from the
calculation of LMP, DLPM possesses its own distributional characteristics, although
both of them are aiming to maximize social surplus that means both customer profit
and supplier profit would be maximized. Compared with transmission level, in dis-
tribution power systems, the voltage is unified to all the buildings and the load may
vary from time to time dramatically. Also in many cases, the line congestion and
line flow limits are different from line to line. However, correspondingly to the LMP
in transmission level, DLMP can be formulated with the following parts including
marginal congestion cost (MCC), marginal loss cost (MLC) and marginal energy
cost (MEC) [19]. This process is achieved in a distribution multi-source scheme,
which will be explained in details later.
The conventional optimal power flow model corresponds to the minimization of
the total cost of power production subject to power grid constraints. Nevertheless,
in consideration of the forthcoming distribution power grids, with vast penetration
of renewable energy and energy storage facilities, the electricity generation expen-
diture is not characterized clearly by far and it is difficult to find a well-recognized
generic model. Instead of utilizing the quadratic energy production cost function
from the investment cost and life cycle of renewable energy generators, this thesis
take advantages of social surplus as a substitution function in the OPF solver. In a
competing power market, utility companies and consumers provide confidential of-
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fers and bids forecasting the expenditure and quantity at which they are affordable
to sell and buy electricity. In the research work of this thesis, the social surplus is
depicted as the overall benefits of the consumers subtracts the total costs of utility
companies.
Conventionally social surplus is defined by the Market Equilibrium Point (MEP).
However, the MEP cannot manifest the power system operation situation at each
grid node, such as power losses. In this thesis, we present a modified objective





(cj − pj) × qcj −
M∑
i=1
(pi − ui) × qui (4.1.1)
where s is the total system social surplus that is gained from our DLMP calculation,
N is the total number of buses and j is the index of buses; M is the total number of
electricity suppliers including renewable energy and i is the index of those genera-
tions; cj stands the costumer bid price for each power generation and uj represents
the offer price from each power generation; pj is the distribution locational marginal
price at load bus j, and pi stands for the distribution locational marginal price at
supply bus i; qcj is the power demand at bus j; qUi is the power supply from bus i.
The traditional scheme of distribution power systems is inflexible and will be
outdated in the future. With high penetration of future smart devices and tech-
nologies, the communication between costumers and utility companies will be very
frequent. So in the future, in the distribution system, each building or house can
be their own agent and provide their bid information to other buildings or utility
companies. Utility companies or the buildings with renewable energy generation or
energy storage devices will also provide sealed offers in the smart grid. Agents can
communicate with each other. As a result, the DLMP is enabled by such commu-
nication capability and the flow chart is shown in Fig. 4.1.
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• At the beginning, consumers and energy providers exchange offers and bids,
then list their options from the most to the least favourable ones.
• The initial dispatch is calculated and secured with optimal power flow (DCOPF
or ACOPF) to obtain marginal congestion cost, marginal loss cost and marginal
energy cost. If the power system cannot work under this condition that means
the power flow violates the security limits, the power system will find another
option according to the created lists.
• Lastly, both energy providers and consumers can have their own DLMP, so
they can find out their expenses or incomings and social surplus.
4.2 DCOPF model for DLMP calculation
4.2.1 Methodology
The DCOPF can be modelled as the optimization of the social surplus subject
to the balance between supply and demand as well as power flow constraints. For
a DC power system, the reactive power is not considered and the voltage magni-
tudes are set to be universal. In consideration of all the distribution power system
characteristics, in the process of DLMP calculation, we introduce Generation Shift
Factor (GSF) to reflect the time-varying line congestion corresponding to different
line flow constraints. Our real time pricing mechanism is evaluated based on real
DU campus power grid topology and is implemented in Matlab environment. It
is assumed that in the future there are a few renewable energy generations in the
system. So GSFk−i is defined as the generation shift factor from bus i to line k.
Bus i can be either the legacy bus or the bus with renewable energy. In terms of
the DU campus power system, there are three legacy buses that can supply enough



















































































































































































































































Figure 4.1: General block diagram of DLMP mechanism
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our problem, and more constrains are added into the traditional OPF problem to
solve the DLMP problem. In this case, DCOPF is utilized to calculate DLMP. The
constrains mainly consists of two parts: the balance between customer demands
and supplier, and the constraints that includes GSFk−i. Through the calculation
of DCOPF, we can compute the optimal prices for both customers and suppliers as
well as the optimal power system line flow allocation. As a result, the optimization






(cj − pj) × qcj −
M∑
i=1







qcj = 0 (4.2.2)
N∑
j=1
gk−i × (qui − qcj ) 6 fMaxk (4.2.3)
qMinui ≤ qui ≤ q
Max
ui (4.2.4)
where s represents the social surplus, and cj is the consumer side bid price; j is the
index of DU campus buildings, and qcj stands for the demand for each building; i
is the index of power generation sources while ui is the offer price from the energy
supplier side, and qui is the energy output for each source; gk−i is the generation
shift factor from bus i to line k, and fMaxk stands for the power flow limit at kth
line. It is assumed that the demand is fixed. The actual generation shift factor
values are related to the reference bus.
(4.2.3) guarantees that the total power supply meets the overall DU campus
demands, (4.2.4) ensures that the results of DCOPF will not violet the maximum
power flow limit on each of the transmission lines, and (4.2.5) limits each power
source and generator in the corresponding reasonable range.
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The DC-DLMP problem can be divided into the following three components
[15]:
p = MEC +MLC +MCC (4.2.5)
MEC = λ (4.2.6)




gk−i × µk (4.2.8)
where p is the distribution locational marginal price for each bus; MEC is the
marginal energy cost, and λ represents the Lagrangian multiplier of (4.2.3); MLC
is the marginal loss cost that equals to 0 in DCOPF model; MCC stands for the
marginal congestion cost; g is the generation shift factor, and µk is Lagrangian
multiplier of (4.2.3)
4.2.2 Numerical results on the DCOPF based DLMP
Test bed
The DLMP based on DCOPF algorithm is simulated and evaluated in the DU 57-
bus distribution system shown in Fig. 3.3. The system configurations are generated
from real-world DU building data to create reasonable testing scenarios. The system
is connected to the traditional power grid at bus 1, bus 38 and bus 51 without loads.
These three buses are set for the campus power supply from the utility company.
The distribution renewable generations are connected to bus 25, bus 36 and bus 42.
According to DU facilities’s Driscoll solar project, the university of denver plans
to spend $300k to assemble a 100kW photovoltaic generation. Correspondingly, it
is assumed that 40kW renewable energy is connected at each of the three buses.
The DU power system is assumed to consume all the available renewable energy to
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supply demands in order to reduce CO2 emission and billing utility. Although the
campus power grid utilizes all the renewable energy, it is not enough for balancing all
the demands, the campus power grid still needs supply from the legacy power grid,
which means the campus will draw energy from buses 1, 38, 51. For the whole power
grid, the base voltage is 135kV so the maximum voltage and minimum voltage are
listed in the following (4.2.9), respectively.
Vmax = 1.05 × VBase = 1.05 × 135kV = 141.75kV (4.2.9)
Vmin = 1.05 × VBase = 0.95 × 135kV = 128.25kV (4.2.10)
where Vmax is the maximum voltage limits in this thesis; Vmin stands for the min-
imum voltage limits in this thesis, and VBase is the voltage base in the simulation
test bed.
As is shown in Table 4.1 and Table 4.2, the loads for each node in Fig. 3.3
are chosen from the real DU power usage profile, then, these loads are used for
our DCOPF simulation and DC-DLPM calculation. In these two tables, the first
column is the bus number corresponding to Fig. 3.3. The second column is the bus
type. There are four types of buses as:
1. PQ bus: The buses without power generation are defined PQ buses. Therefore,
load information including real power and reactive power are given for this type
of bus.
2. PV bus: The PV buses are the buses with power generation but they are
different from reference or slack buses. The voltage and real power generation
must be given for those buses.
3. Reference bus: The reference bus is the bus in power systems that balances
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Table 4.1: DU power grid configuration.
DU power system configuration
Bus# Bus Type Load Setting Renewable Energy RE Size
1 ref bus P1 = 0.00 ; Q1 = 0.00 No 0
2 PQ bus P2 = 2.18 ; Q2 = 0.96 No 0
3 PQ bus P3 = 4.09 ; Q3 = 1.09 No 0
4 PQ bus P4 = 3.01 ; Q4 = 1.10 No 0
5 PQ bus P5 = 2.61 ; Q5 = 0.67 No 0
6 PQ bus P6 = 2.61 ; Q6 = 0.65 No 0
7 PQ bus P7 = 2.25 ; Q7 = 0.97 No 0
8 PQ bus P8 = 1.86 ; Q8 = 0.56 No 0
9 PQ bus P9 = 2.15 ; Q9 = 0.90 No 0
10 PQ bus P10 = 3.82 ; Q10 = 1.55 No 0
11 PQ bus P11 = 1.39 ; Q11 = 0.87 No 0
12 PQ bus P12 = 2.44 ; Q12 = 1.11 No 0
13 PQ bus P13 = 1.12 ; Q13 = 0.30 No 0
14 PQ bus P14 = 2.21 ; Q14 = 0.86 No 0
15 PQ bus P15 = 3.52 ; Q15 = 1.00 No 0
16 PQ bus P16 = 5.06 ; Q16 = 2.06 No 0
17 PQ bus P17 = 1.68 ; Q17 = 0.40 No 0
18 PQ bus P18 = 3.49 ; Q18 = 1.66 No 0
19 PQ bus P19 = 1.29 ; Q19 = 0.36 No 0
20 PQ bus P20 = 2.61 ; Q20 = 0.26 No 0
21 PQ bus P21 = 1.93 ; Q21 = 0.49 No 0
22 PQ bus P22 = 1.01 ; Q22 = 0.15 No 0
23 PQ bus P23 = 1.34 ; Q23 = 0.23 No 0
24 PQ bus P24 = 1.67 ; Q24 = 0.29 No 0
25 PV bus P25 = 3.10 ; Q25 = 1.00 Yes 40
26 PQ bus P26 = 2.26 ; Q26 = 1.00 No 0
27 PQ bus P27 = 3.08 ; Q27 = 1.22 No 0
28 PQ bus P28 = 2.32 ; Q28 = 0.78 No 0
29 PQ bus P29 = 1.34 ; Q29 = 0.16 No 0
30 PQ bus P30 = 1.06 ; Q30 = 0.16 No 0
31 PQ bus P31 = 1.93 ; Q31 = 0.56 No 0
32 PQ bus P32 = 1.23 ; Q32 = 0.38 No 0
33 PQ bus P33 = 3.46 ; Q33 = 1.34 No 0
34 PQ bus P34 = 2.46 ; Q34 = 1.34 No 0
35 PQ bus P35 = 5.39 ; Q35 = 1.86 No 0
36 PV bus P36 = 8.53 ; Q36 = 3.67 Yes 40
37 PQ bus P37 = 11.19 ; Q37 = 4.00 No 0
38 PV bus P38 = 0.00 ; Q38 = 0.00 No 0
39 PQ bus P39 = 11.19 ; Q39 = 3.98 No 0
Continued on next page
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Table 4.2: DU power grid configuration cont’d.
Continued from the previous page
Bus# Bus Type Load Setting Renewable Energy RE Size
40 PQ bus P40 = 6.19 ; Q40 = 1.88 No 0
41 PQ bus P41 = 3.19 ; Q41 = 1.27 No 0
42 PV bus P42 = 6.04 ; Q42 = 1.44 Yes 40
43 PQ bus P43 = 2.03 ; Q43 = 0.60 No 0
44 PQ bus P44 = 1.37 ; Q44 = 0.21 No 0
45 PQ bus P45 = 3.60 ; Q45 = 0.96 No 0
46 PQ bus P46 = 3.66 ; Q46 = 1.11 No 0
47 PQ bus P47 = 7.10 ; Q47 = 1.66 No 0
48 PQ bus P48 = 6.10 ; Q48 = 2.66 No 0
49 PQ bus P49 = 4.16 ; Q49 = 0.99 No 0
50 PQ bus P50 = 4.00 ; Q50 = 0.88 No 0
51 PV bus P51 = 0.00 ; Q51 = 0.00 No 0
52 PQ bus P52 = 6.80 ; Q52 = 1.45 No 0
53 PQ bus P53 = 5.27 ; Q53 = 1.11 No 0
54 PQ bus P54 = 5.42 ; Q54 = 1.67 No 0
55 PQ bus P55 = 2.06 ; Q55 = 0.95 No 0
56 PQ bus P56 = 1.33 ; Q56 = 0.21 No 0
57 PQ bus P57 = 1.77 ; Q57 = 0.30 No 0
58 PQ bus P58 = 2.68 ; Q58 = 0.55 No 0
59 PQ bus P59 = 1.99 ; Q59 = 0.16 No 0
60 PQ bus P60 = 1.66 ; Q60 = 0.66 No 0
the active power and reactive power. Reference buses are also known as slack
bus or swing bus.
4. Isolated bus: Isolated buses are the buses that are out-of-service, and there is
no connection between any isolated bus and the power grid.
The Load Setting column in Table 4.1 shows the load configuration for each bus.
The fourth column and fifth column in Table 4.1 show the buses that are injected
with renewable energy and the generation capacity of corresponding renewable en-
ergy generation.
Table 4.3 shows the DU campus power supply configuration. All the buses with
power injection are listed in this table. The first column indicates the bus index with
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energy injection, and the second column shows the type of the power supply. For the
DU power grid, it is assumed that two types of power generation exist in the grid:
legacy power from power grids and the renewable energy. The third column in Table
4.3 indicates the maximum active power generation for each source, and the fourth
column suggests the reactive power generation for the corresponding bus. The last
column indicates the active status of those power sources, and in this thesis all the
power sources are in service and assumed to operate in the maximum capacity.
Table 4.3: Power supplies configuration.
Bus# Energy type Pmax Qmax Status
1 Legacy power 70 60 In service
38 Legacy power 70 60 In service
51 Legacy power 70 60 In service
25 Renewable Energy 40 20 In service
36 Renewable Energy 40 20 In service
42 Renewable Energy 40 20 In service
Table 4.4 shows all the transmission lines’ parameters in the DU power grid. The
parameters for each transmission line are chosen from IEEE 123 Bus Test Feeder
[13]. In Table 4.4, the first two columns indicate the connection relationships among
the DU campus buildings according to Fig. 3.3. The third and fourth columns show
the lines’ parameters of resistance and reactance, respectively. The fifth column is
the long term rating for the corresponding transmission line in the DU power grid,
and the sixth and seventh columns are short term rating and emergency rating,
respectively.
Numerical results
In this section, the DLMP for the DU campus power system is calculated by
DCOPF, and the results are showed and analysed as the following. In the nu-
merical simulation, the overall load configurations of the DU campus power grid
is 187.98kW and 60.66kV ar for active and reactive power, respectively. The load
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Table 4.4: Transmission lines configuration.
Transmission lines configuration
FBus TBus Resistance Reactance rateA rateB rateC
1 2 0.02 0.06 10000 130 130
2 3 0.05 0.19 10000 130 130
2 4 0.06 0.17 10000 65 65
4 5 0.01 0.04 10000 130 130
3 6 0.06 0.18 10000 65 65
6 7 0.01 0.04 10000 90 90
7 8 0.05 0.12 10000 70 70
3 9 0.03 0.08 10000 130 130
9 10 0.01 0.04 10000 32 32
3 11 0.10 0.21 10000 65 65
11 12 0.13 0.56 10000 32 32
12 13 0.12 0.21 10000 65 65
13 14 0.22 0.11 10000 65 65
14 15 0.06 0.14 10000 65 65
3 16 0.12 0.26 10000 32 32
16 17 0.22 0.26 10000 65 65
17 18 0.09 0.20 10000 32 32
18 19 0.22 0.20 10000 16 16
3 20 0.08 0.19 10000 16 16
20 21 0.11 0.22 10000 16 16
21 22 0.06 0.13 10000 16 16
22 23 0.03 0.07 10000 32 32
23 24 0.09 0.21 10000 32 32
24 25 0.03 0.08 10000 32 32
25 26 0.03 0.07 10000 32 32
26 27 0.07 0.15 10000 32 32
27 28 0.01 0.02 10000 32 32
28 29 0.10 0.20 10000 16 16
29 30 0.12 0.18 10000 16 16
30 31 0.13 0.27 10000 16 16
3 32 0.19 0.33 10000 16 16
32 33 0.25 0.38 10000 16 16
3 34 0.11 0.21 10000 16 16
34 35 0.00 0.40 10000 65 65
35 36 0.22 0.42 10000 16 16
36 37 0.32 0.60 10000 16 16
38 39 0.02 0.06 10000 130 130
38 40 0.02 0.06 10000 130 130
Continued on next page
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Table 4.5: Transmission lines configuration cont’d.
Continued from the previous page
FBus TBus Resistance Reactance rateA rateB rateC
38 41 0.02 0.06 10000 130 130
41 42 0.24 0.45 10000 16 16
42 43 0.05 0.19 10000 130 130
38 44 0.02 0.06 10000 130 130
44 45 0.02 0.06 10000 32 32
45 46 0.06 0.17 10000 65 65
38 47 0.02 0.06 10000 130 130
47 48 0.06 0.20 10000 32 32
48 49 0.01 0.04 10000 130 130
49 50 0.05 0.20 10000 130 130
51 52 0.02 0.06 10000 130 130
52 53 0.06 0.18 10000 65 65
53 54 0.01 0.04 10000 90 90
54 55 0.05 0.12 10000 70 70
55 56 0.03 0.08 10000 130 130
56 57 0.01 0.04 10000 32 32
57 58 0.20 0.21 10000 65 65
54 59 0.11 0.56 10000 32 32
8 46 0.12 0.26 10000 32 32
15 3 0.07 0.13 10000 32 32
15 60 0.09 0.20 10000 32 32
19 50 0.22 0.20 10000 16 16
43 44 0.08 0.19 10000 16 16
43 47 0.11 0.22 10000 16 16
58 46 0.06 0.13 10000 16 16
conditions and transmission line connection and parameters for each bus are demon-
strated in Table 4.4 and Table 4.1 in Section 4.2.2. The implementation scheme and
methodology are demonstrated in Section 4.2.1. It is assumed that all buildings
are performing full demand, which means there is no elasticity in this simulation.
The DLMPs’ calculation is developed in the MATLAB environment based on the
optimal power flow solver from MATPOWER5.0 simulation package [10]. In DC
modelling, branches can be considered lossless. In particular, branch resistances rs
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, bc ≈ 0. (4.2.11)
And all bus voltage magnitudes are close to 1 p.u.
vi ≈ ejθi (4.2.12)
Voltage angle differences across branches are small enough that
sin θf − θt − θshift ≈ θf − θt − θshift (4.2.13)
The simulation results are showed in Fig. 4.2. The total power grid loss is 8.168MW .
All the generations are dispatched based on DCOPF in order to maximize the social
surplus on the DU campus.
As is shown in Fig. 4.2, in the DCOPF simulation, all buses are assigned with
the same DLMP price. The result shows that all the buildings in the DU campus
power grid operate at the same price, $60.000/MWh. Because in DCOPF model
the marginal loss (MLC) is assumed to equal zero and congestion loss (MCC) is
also assumed to be zero as well, the overall power loss in DU campus distribution
system is trivial. So the loss cannot influence the DLMP in the DC model. That is
the reason why all the buildings on campus operate at an identical price. In order
to simulate the congestion condition, the ratings of the lines that are connected to
bus 32 and bus 33 are decreased and the load on bus 33 is increased. The results
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Figure 4.3: DC-DLMP congestion calculation results.
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4.3 ACOPF based DLMP
4.3.1 Methodology
Compared with DCOPF model introduced in Section 4.2, the solvers for losses
and reactive power are added into ACOPF simulation, which makes the model in-
clude more distribution power system characteristics. However, ACOPF also has
its own drawbacks, for example, the ACOPF model is not usually utilized for trans-
mission level simulation due to its relatively high computation complexity. In this
thesis, the DU campus grid is not a large-scale power system, which does not require
long simulation time for the OPF computation. Also, with real-world DU power sys-
tem electricity profiles, the ACOPF is expected to converge within a relatively short






(cj − pj) × qcj −
M∑
i=1













Qcj − LQ(V, θ) = 0 (4.3.3)
fj(V, θ) 6 fMaxj (4.3.4)
qMINui ≤ qui ≤ q
MAX
ui (4.3.5)
QMINui ≤ Qui ≤ Q
MAX
ui (4.3.6)
VMINi ≤ Vi ≤ VMAXi (4.3.7)
where cj is the consumer side bid price, and j is the index of DU campus building;
and qcj denotes the demand of each buildings; i is the index of power generation
source while ui is the offer price from the ith energy supplier; qui stands the en-
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ergy output of the ith energy source; V and θ are voltage magnitude and angle,
respectively; fj stands for the power flow limit at kth line; qui is the active power
output from each power source, while Qui is the reactive power output from the
corresponding energy generation; Vi stands for the voltage magnitude of the ith bus
with power injection; and LP (V, θ) and LQ(V, θ) are the total active power loss and
reactive power loss in the DU campus power gird, respectively.
It is noted that in the ACOPF model, voltage magnitude and voltage angle are
introduced. Compared with DCOPF calculation, ACOPF take losses into consid-
eration. (4.3.1) is the optimization objective function of AC − DLMP . (4.3.2)
guarantees that the total active power supply meets the summation of the overall
DU campus active power demands and active power losses on transmission lines.
(4.3.3) guarantees that the total reactive power generation meets the summation
of the overall DU campus reactive power demands and transmission reactive power
losses. (4.3.4) ensures that the transmission line current results of ACOPF will not
violet the maximum power flow limit on each transmission line. The (4.3.5) limits
the active power output of each power source and generator in the corresponding
reasonable range. (4.3.6) can ensure that the reactive power output would not violet
the power sources limitation. (4.3.7) guarantees the voltage magnitudes are in the
secured ranges.
4.3.2 Numerical result on The ACOPF based DLMP
In this section, the ACOPF based DLMP the results are demonstrated and anal-
ysed as following. In this ACOPF based DLMP model, the overall load configuration
of DU campus power grid is set to 187.98MW and 60.66MV ar for active and reac-
tive power, respectively. The load conditions and transmission line parameters for
each bus are the same as Section.4.2.2. The test bed implementation scheme is ex-
plained in Fig. 4.1 and methodology is demonstrated in Section.4.3.1. It is assumed
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that all the buildings request the full amount of consumption. The simulation results
are showed in Fig. 4.4. The total power grid consumption is 7.856MW for active
power and 20.06MVAr for reactive power. All the generations are dispatched based
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Figure 4.4: AC-DLMP calculation results.
The result shown in Fig. 4.4 indicates that in the ACOPF model all the buses
have different prices. Building 33 has the most expensive distribution locational
marginal price, which is $121.612/MWh. Building 52 has the least expensive price,
which is $46.020/MWh. The average price of all the buildings is $59.379/MWh.
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Because of the loss in DU power system, the generators need to provide extra power
to balance the loss, therefore the additional marginal loss costs (MLC) are added
to each building. Eventually, those factors make the DLMP more comprehensive
than the corresponding DLMP values in DCOPF model. Also the overall social sur-
plus calculated by ACOPF model is also less than the total social surplus generated
by DCOPF model. However, in the current numerical simulations, ACOPF based
DLPM model is more effective than DCOPF based DLPM model for the DU power
grid.
In conclusion, using the selected DC-DLMP and AC-DLMP algorithms, the
DLMP can be calculated for all buildings in the DU campus grid with the social
surplus from both the consumers and the utility companies. The DLMP can provide
useful notifications to system dispatch in such a way that the marginal energy cost
(MEC) and marginal congestion cost (MCC) reflects the demand response strategy.
Using the generated DLMP, the power system operators can control electricity us-
age through manipulating heating ventilation and air conditioning (HVAC) systems.
Also the MEC and MLC of DLMP will indicate the information about locations of
congested buildings and the corresponding marginal loads, which is a key bench-
mark for energy re-dispatch and infrastructure improvement such as distribution
generation allocation.
4.4 Other evaluations on DLMP
Based on the aforementioned DU campus distribution power grid and DLMP
methodology, this section includes some evaluations on DLMP, including the rela-
tionship between transmission line ratings and the real-time prices, and the corre-
lations between transmission line parameters and real-time prices.
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4.4.1 Parameter influence evaluation
In this section, an evaluation is designed in order to figure out the relationships
between transmission line ratings and the prices, and the correlations between trans-
mission line parameters and prices. By far, there are 60 buses in the DU campus
grid topology.And the 60 buses are classified into 5 different sets,
1. Generation Bus: Generation Buses are connected with legacy power systems,
which is the main power source for the DU power grid.
2. Renewable Bus: Renewable Buses are connected with renewable energy gen-
erators, and the renewable capacity is usually smaller than the demand of the
power grid.
3. Main Bus: A main bus has more than 5 buses connected in series.
4. Tail Bus: A tail Bus is the last bus in its transmission branch, such as bus 5,
bus 37 and bus 10.
5. Loop Bus: A loop Bus is in a loop, which means the power flow can flow in
bidirectional, such as bus 12, bus 43 and bus 50.
The 5 different bus sets are demonstrated in Fig. 4.5. There are three trans-
mission line rating parameters: 1) long term rating, 2) short term rating, and 3)
emergency rating. And there are three transmission line parameters: 1) resistance,
2) reactance, and 3) total line charging susceptance. These parameters can influ-
ence the real-time prices. Taking bus 32 as an example, the original line parameters
are 0.19 for resistance, 0.33 for reactance and 0 for susceptance. The initial price
is $89.015/MWh. If the resistance decreases to 0.12, the price is $78.9310/MWh.
Actually, changes in one of the line parameters have influence on the whole power
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Figure 4.5: Bus classification.
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from bus 26 to bus 36 under different resistance parameters. Bus 32 is the only bus
that resistance has been changed. Bus 33 is connected after 32 in series.
Table 4.6: Parameter influence on DLMP.
Results of parameter influence evaluation on DLMP
Bus# R = 0.17 R = 0.16 R = 0.15 R = 0.14 R = 0.13 R = 0.12
26 58.91889 59.08319 59.24685 59.40989 59.57789 59.79649
27 60.6373 60.80639 60.97483 61.14262 61.31554 61.5405
28 60.85352 61.02321 61.19225 61.36064 61.53417 61.75994
29 62.79708 62.97219 63.14663 63.3204 63.49949 63.73245
30 65.01866 65.19996 65.38057 65.56049 65.74593 65.98712
31 65.3976 65.57996 65.76162 65.94259 66.12913 66.37171
32 85.8134 84.36337 82.9564 81.59219 80.26401 78.93096
33 116.2882 114.2638 112.2853 110.3523 108.4415 106.3846
34 64.52644 64.59271 64.65874 64.72453 64.79296 64.88815
35 64.50721 64.57387 64.64029 64.70646 64.77529 64.87094
36 60.18011 60.30283 60.42506 60.5468 60.67252 60.83897
Table 4.6 shows the partial result of the evaluation. R stands for the resistance
of transmission line parameter. The first column is the index of campus buildings.
The unit of price is $/MkWh. As shown in the Table 4.6, the transmission line re-
sistance parameters influence the DLMP dramatically. Based on the results, we can
implement the parameter influence on DLPM to get best line parameters for every
single line to maximize the whole power system profits and the cost of transmission
line should also be taken into consideration.
39
Chapter 5
Conclusions and future work
5.1 Conclusions
This thesis presents the OPF based DLMP methodology. The DLMP algorithm
are implemented utilizing both DCOPF and ACOPF. In order to simulate and
evaluate the DLMP methodology, a simulation test bed based on the DU campus
grid system is designed and implemented.
The first step to implement the simulation test bed is to extract the power
system network topology from the DU campus grid utilities map. The physical
network topology enables to the analysis and simulation of the power flow within
the campus distribution grid. The simulation test bed is developed in the Matlab
Simulink environment.
The OPF algorithms are adopted to make the optimization function and con-
straints suitable for the DLMP calculation. Both the DCOPF and ACOPF ap-
proaches are implemented and studied in this thesis. During the adaptation process,
the characteristics of DU campus distribution power are also taken into considera-
tion. In addition, the relationship between DLMP and transmission line parameters
are studied. The DCOPF based DLMP methodology generates the identical prices
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all the buses in DU power system, which means the DCOPF based algorithm can-
not reflect the marginal loss and congestion for the case under study. The ACOPF
model can generate different reasonable prices on the buses in the DU power system,
which indicates that for a distribution system, ACOPF is a better choice for the
DLMP algorithm.
In addition, some relative tests are designed and simulated based on the proposed
DLMP algorithm, which aims to figure out relationships between transmission line
parameters and real-time prices.
5.2 Future work
Based on the results and discussion in the thesis, some of the related possible
future work is listed below:
1. The DLMP is usually used as the notification of demand response. In the
future, with high penetration of smart devices, DLMP can be used as the
signal of demand response in order to save electricity bills to reduce peak
loads.
2. The DLMP can help schedule the charging and discharging time of electrical
vehicles (EV) if the charging demand is elastic. In the future, the DLMP can
help to reduce the impact of large amount of charging EVs on distribution
power systems through scheduling charging time.
3. The DLMP can help decide the allocation of distribution generators or energy
storage facilities. During the DLMP calculation process, the locations with
the heaviest marginal congestion can be known, so that the DLMP can be
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